INTRODUCTION EXPERIMENTAL
The gastrointestinal hormone cholecystokinin and Materials muscarinic cholinergic agonists such as carbachol have Phenylmethanesulphonyl fluoride, leupeptin, oc-casein, multiple effects on pancreatic acinar-cell function.
aldolase, catalytic subunit of cyclic AMP-dependent
Besides stimulating digestive-enzyme secretion, these protein kinase (bovine heart), 2-mercaptoethanol and agents alter cellular metabolism, membrane permeability Dowex 50 W-X8 resin were obtained from Sigma to ions and non-electrolytes, and the synthesis of proteins Chemical Co., St. Louis, MO, U.S.A.; bovine serum and nucleic acids (Goldfine & Williams, 1983 Burnham & Williams, 1984a) , the mechanismby (15) (16) (17) (18) (19) (20) was from Amersham, Arlington Hts., which Ca2+ regulates acinar function remains largely IL, U.S.A. Chemicals for SDS/polyacrylamide-gel unexplored. An alteration in phosphorylation of key electrophoresis, protein assay reagent, silver staining kit regulatory proteins has been proposed as a general and Affigel-calmodulin were from Bio-Rad Laboratories, mechanism of hormone and neurotransmitter action Richmond, CA, U.S.A.; DEAE-cellulose was from (Greengard, 1978; Cohen, 1982) , and the effects of-Whatman, Clifton, NJ, U.S.A.; and Sephadex G-50 (fine pancreatic secretagogues on acinar protein phosphorylagrade) and G-150 and Sephadex column-calibration kit tion have been studied previously (Burnham & Williams, -were from Pharmacia, Piscataway, NJ, U.S.A. Trifluo-1982; Freedman & Jamieson, 1982; Roberts & (Burnham & Williams, 1982) . In the present study, therefore, the enzymic basis for this dephosphoryl--3P labelling of protein substrates ation event was explored by determining whether Phosphorylase kinase and c-casein were labelled by the Ca2 -activated protein phosphatase activity was present... procedure of Stewart et al. (1981) for phosphorylase in mouse pancreatic acini. The results demonstrate the'. kinase, with the following modifications. Phosphorylase presence of such activity, and indicate that the enzyme kinase and a-casein were present at 0.5-1 mg/ml and has several features in common with Ca2+-activated: 10 mg/ml respectively; MgCl2 was at 10 mM; the calmodulin-dependent protein phosphatases previously catalytic subunit of cyclic AMP-activated kinase was at characterized in brain (Yang et al., 1982) and skeletl 1250 Sigma units (pmol/min)/ml, and [y-32P]ATP was at muscle .
/M. The reaction was terminated after32Pincorporation
Abbreviation used: SDS, sodium dodecyl sulphate.
,I
Vol. 231 reached a plateau (20-30 min) , at which time the amount of label in the a subunit of phosphorylase kinase was approximately equal to that of the , subunit. Approx. 2 mol of phosphate was incorporated per mol of phosphorylase kinase. Incorporation of phosphate into a-casein occurred primarily (> 85%0) on two proteins of Mr 31000 and 35000, to an extent of approx. 0.02 mol/mol of protein. 32P-phosphorylase kinase (0.2-0.4 mg/ml) was stored at 4°C and 32P-a-casein (3-4 mg/ml) at -40 'C; under these conditions the amount of radioactivity in trichloroacetic acid-soluble material remained at 1-3% of total over 1-2 weeks for both substrates.
Assay of phosphatase activity
The reaction mixture consisted of 10 ,ul of calmodulin (0.1 mg/ml), 10 (Burnham & Williams, 1984b (Manalan & Klee, 1983 (1978) , except that bovine serum albumin (2 mg/ml) replaced hyaluronidaseandchymotrypsinduringenzymicdigestion of the pancreas. Before homogenization, acini were suspended in 10 vol. of ice-cold homogenization solution (250 mM-sucrose, 4 mM-EDTA, 0.2 mM-leupeptin, 0.1 mM-phenylmethanesulphonyl fluoride, 30 mM-2-mercaptoethanol), gently pelleted, and resuspended in 3-4 vol. of homogenization solution. Acini were homogenized at 4 'C by using a Kontes 'zero clearance' Teflon-glass homogenizer, and the homogenate was centrifuged at 100 000 g for 60 min to obtain acinar cytosol (supernatant). For studies on the Ca2+-sensitivity of cytosolic phosphatase activity, acinar cytosol was passed through Sephadex G-50 by centrifugation to remove low-Mr modulatory substances . The eluate was adjusted to 1 mg of protein/ml.
Measurement of phosphorylase kinase a-and fl-subunit dephosphorylation Acinar cytosol (5 mg of protein/ml) was incubated with 32P-phosphorylase kinase as indicated for phosphatase assay. At the times indicated, the reaction was terminated by addition of 50 ,tl of SDS 'stop' solution and heating at 95°C for 5 min (Burnham & Williams, 1982) . Procedures for SDS/polyacrylamide-gel electrophoresis, autoradiography and densitometry were as described previously (Burnham & Williams, 1982) . Chromatographic characterization of Ca2+ -activated phosphatase All operations were carried out at 4 'C. First, 18 mice were starved overnight and the pancreata obtained (3.0-3.3 g) were homogenized in 10 ml ofhomogenization solution (see above). The homogenate was centrifuged at 1000g for 10 min and the resultant supernatant was centrifuged at 100000 g for 60 min to obtain the pancreatic cytosol (supernatant). Cytosolic material precipitated at between 30 and 4500 saturation with (NH4)2S04 was resuspended in 3 ml of column buffer (5 mM-Tris/HCl, pH 7.2, 0.1 mM-EDTA, 0.1 mM-phenylmethanesulphonyl fluoride, 20 ,M-leupeptin, 30 mM-2-mercaptoethanol) and desalted by centrifugation through Sephadex G-50 . The eluate (10-12 ml) was applied to a DEAE-cellulose column (2 cm x 5 cm) equilibrated in column buffer, and bound material was eluted with a linear 50-250 mM-NaCl gradient (300 ml). Fractions containing the first or both peaks of Ca2+-activated phosphatase activity (see the Results section) were pooled and concentrated by precipitation with (NH4)2SO4. The concentrated material was then applied to a Sephadex G-150 column (1.75 cm x 87 cm) equilibrated in column buffer containing 50 mM-NaCl. Active fractions were pooled, CaCl2 and MgCi2 added to concentrations of 0.5 mm and 2 mM respectively, and the pooled fractions applied to a column of calmodulin-Sepharose (2 cm x 3 cm) equilibrated in column buffer containing 50 mM-NaCl, 0.5 mM-CaCi2 and 2 mM-MgCI2. The column was washed with the equilibration buffer containing 200 mM-NaCl until the eluted protein concentration was less than 2 ,tg/ml, and the phosphatase was then eluted with column buffer containing 200 mM-NaCi and 2 mM-EDTA. The active fractions were concentrated in an Amicon Centricon 10 micro-concentrator, prepared for polyacrylamide-gel electrophoresis (Burnham & Williams, 1982) , and proteins in the gel were detected by silver staining.
Statistical analysis
Data are expressed as means + S.E.M. Statistical analysis was performed by using Student's t test for paired or unpaired data. A difference between means was considered statistically significant if P < 0.05.
RESULTS
Ca2+-activated protein phosphatase activity was demonstrated in pancreatic acinar cytosol with either 32P-phosphorylase kinase or a-casein as substrate. Fig. i shows the Ca 2+ -sensitivity of phosphorylase kinase phosphatase activity in pancreatic acinar cytosol centri-1985 . In studies to examine the relative selectivity of Ca2+-activated phosphatase activity for the a and , subunits of phosphorylase kinase, acinar cytosol was therefore used at high concentration so as to minimize the contribution of Ca2+-independent phosphatases to total Phosphorylase kinase phosphatase and a-casein phosphatase activity were determined with added calmodulin present in either the presence (@) or the absence (0) of 100 /tM-Ca2+; 10 ml fractions were collected each 12 min.
ase activity. This material was then submitted to ion-exchange chromatography. Fig. 3 shows the DEAEcellulose elution profile of phosphorylase kinase and casein phosphatase activities measured in the presence and absence ofCa2 . With either substrate, Ca2+-activated phosphatase activity was eluted as two peaks of roughly equal activity. The first peak (peak 1) was eluted at approx. 125 mM-NaCl, whereas the second peak (peak 2) was eluted at 170 mM-NaCl on the shoulder of a large peak of Ca2+-independent phosphatase activity (Fig. 3 ). An additional peak of Ca2+-independent phosphatase activity was eluted at 290 mM-NaCl (results not shown). An essentially identical elution profile was obtained if acinar cytosol was used as starting material. As Ca2+-activated protein phosphatase activity in other tissues from rabbit was resolved as only one peak by DEAE-cellulose chromatography Foulkes et al., 1983) , the reason for the appearance of two peaks here is unclear. Since two peaks were also resolved from mouse cerebrum, this may be a species-specific phenomenon.
To confirm that acid-soluble radioactivity generated during the phosphatase assay resulted from the release of free [32P]Pi and not amino acids or peptides, Pi was isolated by passage of acid-soluble material through a cation-exchange resin. The profiles of casein phosphatase activity eluted from DEAE-cellulose as determined from total acid-soluble radioactivity and radioactivity that passed through the cation exchange resin were essentially identical, whether phosphatase activity was measured in the presence or absence of Ca2+ (results not shown). of activity is confirmed as being one or more Ca2+-activated protein phosphatases. Fig. 4 shows the Ca2+-sensitivity of casein phosphatase activity in peak 1. This activity was dependent entirely on the presence of added calmodulin, in contrast with phosphatase activity in cytosol. Ca2+-activated phosphatase activity present in peak 2 also had an absolute requirement for added calmodulin. Moreover, the difference in concentration of Ca2+ required for halfmaximal phosphatase activation was not statistically significant between the two peaks of activity. When data for both peaks from three experiments were pooled, the mean concentration of Ca2+ required for half-maximal activation was 0.5 + 0.1 /uM. Similarly, Ca2+-activated casein phosphatase activity in peaks 1 and 2 demonstrated similar sensitivities to inhibition by trifluoperazine. From pooled data from three experiments, the concentration of trifluoperazine required for half-maximal inhibition was 8.5 + 0.6 /M. Trifluoperazine completely inhibited Ca2+-activated phosphatase activity in both peaks, although basal activity in peak 2 was inhibited by no more than 20% by 100 /tM-trifluoperazine (results not shown). Chromatographic characterization of Ca2+-activated phosphatase activity: Sephadex G-150 chromatography Material eluted in peak 1 from the DEAE-cellulose column was submitted to gel sieve chromatography.
Peak-1 material was preferentially used since, relative to peak-2 material, its low basal phosphatase activity was expected to facilitate resolution of the Ca2+-activated enzyme(s). Fig. 5 shows the elution profile obtained after Sephadex G-150 chromatography. Ca2+-activated phosphatase activity was eluted as a single symmetrical peak at an elution volume of approx. 75 ml. From three experiments, the apparent Mr of the enzyme was calculated to be 93000+ 1000. A single peak of Ca2+-activated phosphatase activity at 75 ml elution volume was also obtained after Sephadex G-1 50 chromatography if pooled peak-I and -2 material was used. However, a smaller peak of Ca2+-independent phosphatase activity was also present at an elution volume of approx. 56 ml (results not shown). Chromatographic characterization of Ca2+-activated phosphatase activity: calmodulin affinity chromatography Active fractions obtained after submitting peak-I material to Sephadex G-1 50 chromatography were then submitted to calmodulin affinity chromatography (Fig.  6) . Although limited amounts of Ca2+-activated protein phosphatase activity were eluted during sample application and washing of the column with high-ionic-strength buffer, 90% of the applied activity appeared in the eluate on application of EDTA-containing buffer. A sizable amount of Ca2+-independent phosphatase activity (100-110% of total eluted Ca2+-activated activity) appeared in the eluate during sample application (results not shown). Although the origin of this Ca2+-independent phosphatase activity is unclear, it may result from proteolytic activation of the Ca2+-activated phosphatase (Manalan & Klee, 1983) . Ca2+-activated phosphatase activity eluted in the presence of EDTA was associated with one major protein as resolved by SDS/polyacrylamide-gel electrophoresis (Fig. 6) . From three experiments, the apparent Mr of this protein was calculated to be 55 500 + 300. Relatively faint additional protein bands were sometimes visible at Mr = 68000, 31 000 and 22000.
Similar results were obtained after calmodulin affinity chromatography if active Sephadex G-1 50 fractions of pooled peak-I and -2 material were used, although contamination of the major Mr-55 500 protein with other proteins was appreciably greater (results not shown). This final enzyme preparation derived from pooled material . Calmodulin affinity chromatography of casein phosphatase activity (a) Elution profile of phosphatase activity determined in the presence of 100 /tM-Ca2+ minus activity determined in its absence. A and B, volumes at which the column was washed with 200 mM-NaCl and eluted with 2 mM-EDTA, respectively. The flow rate was 0.6 ml/min. (b) Silverstained proteins resolved by SDS/polyacrylamide-gel electrophoresis: (1) pooled active fractions from Sephadex G-1 50 column applied to calmodulin-Affigel column; (2) fraction collected from calmodulin-Affigel column between 50 and 52 ml elution volume.
was analysed for calmodulin-dependency and sensitivity to various bivalent cations ( phosphatase preparations ofbrain (Yang et al., 1982) and skeletal muscle 
DISCUSSION
This study reports the presence of Ca2+-activated calmodulin-dependent protein phosphatase activity in mouse pancreatic acinar cytosol. Although Ca2+-activated protein phosphatases have been characterized in other tissues, the role of these enzymes in cell function remains unknown. It is possible that the pancreatic enzyme plays a significant role in pancreatic stimulus-secretion coupling. Cholinergic stimulation of enzyme secretion in isolated mouse pancreatic acini is closely associated on a temporal basis with the dephosphorylation of two soluble proteins (Burnham & Williams, 1982) . Maximal protein dephosphorylation is achieved within 1 min and occurs simultaneously with the onset of digestive-enzyme secretion. Maximal changes in phosphorylation of other phosphoproteins are not reached until after 3-5 min. Since an increase in cytosolic Ca2+ concentration is observed in acini as early as 1 s after initial exposure to cholecystokinin or cholinergic agonists (Ochs et al., 1985) , it is conceivable that a cytosolic protein phosphatase, activated directly by this increase in Ca2 , could act rapidly on a cytosolic protein substrate. Moreover, the concentration of Ca2+ required for half-maximal activation of the pancreatic phosphatase (0.5 AM) was less than the range of Ca2+ concentrations (0.8-1.0 /M) that exist in the stimulated acinar cell (Ochs et al., 1983 (Ochs et al., , 1985 .
The Ca2+-activated protein phosphatase characterized here has several features in common with Ca2+-activated calmodulin-dependent protein phosphatases that have been identified in other tissues: protein phosphatase 2B, isolated from skeletal muscle , and calcineurin, the principal calmodulin-binding protein in brain (Yang et al., 1982) . Our observations are therefore in accord with the view that similar Ca2+-activated protein phosphatases are present in most, if not all, tissues, although in different amounts . Like the skeletal-muscle and/or brain enzymes (Yang et al., 1982; , the pancreatic Ca2+-activated phosphatase readily utilizes phosphorylase kinase and a-casein as substrates. Furthermore, the pancreatic phosphatase(s) shares with protein phosphatase 2B the ability to dephosphorylate preferentially the a subunit of phosphorylase kinase, thus identifying it, according to the classification of Cohen (1983) , as a type 2 protein phosphatase. Although not a distinguishing feature (Ingrebritsen et al., 1983) , the pancreatic enzyme, like protein phosphatase 2B, can be activated by Mn2+ but not by Mg2+. Along with a similar Ca2+-sensitivity, the pancreatic phosphatase also shares with brain and skeletal-muscle enzymes a requirement for calmodulin for maximal activity. In light of this requirement for calmodulin, it was not surprising to observe complete inhibition ofthe pancreatic phosphatase by trifluoperazine. This phenothiazine selectivity inhibited Ca2+-activated protein phosphatase activity in both cytosolic and partially purified enzyme preparations, in agreement with the finding of Stewart et al. (1983) that it is a specific inhibitor of protein phosphatase 2B. Lastly, the apparent Mr of the pancreatic phosphatase as determined by gel-filtration chromatography is very similar to that ofprotein phosphatase 2B (98 000 ; Stewart et al., 1983) , but greater than that of calcineurin determined by sucrose-density centrifugation and gel filtration (78000-80000; Wallace et al., 1978; Yang et al., 1982) . These last two enzymes are heterodimers, consisting, in a 1:1 molar ratio, of a Mr-58000-61000 calmodulin-binding catalytic subunit termed A, and a small (Mr-15000-16 500) subunit, B Yang et al., 1982; Winkler et al., 1984) . The Mr of the major pancreatic protein resolved by SDS/polyacrylamide-gel electrophoresis that was associated with Ca2+-activated phosphatase activity (Mr-55000-56000) is similar to that of subunit A of protein phosphatase 2B and calcineurin. Although there was no evidence of a protein band in the Mr-l 5 000-16 500 region, detection of subunit B by staining methods is generally more difficult than that of subunit A, owing to its lower Mr.
In conclusion, this study reports the presence of 
